In this paper, a sensitive analytical method for four fungicides (procymidone, folpet, vinclozolin and ditalimfos) in environmental water and juice samples was developed by using magnetic solid-phase extraction (MSPE) with magnetic graphene nanocomposite (G-Fe3O4) as the adsorbent, followed by determination with gas chromatography and electron capture detection. Parameters such as the amount of G-Fe3O4, extraction time, ionic strength and pH of the sample solution, desorption solvent and desorption time were optimized. Under the optimum conditions, the enrichment factors of the method for the analytes were in the range from 1495 to 1849. The limits of detection for the fungicides ranged from 1.0 to 7.0 ng L -1 . The recoveries of the method for the analytes were in the range from 79.2 to 102.4%. The developed G-Fe3O4-MSPE method was simple and efficient for the extraction and determination of the four fungicides in water and grape juice samples.
Introduction
Fungicides are commonly used in agriculture to control plant diseases by fungal attack. Procymidone, folpet, vinclozolin and ditalimfos are imide fungicides, which are commercially available for the treatment of different crops, vegetables and fruits to reduce possible spoilage. As a consequence of their widespread and improper use, the fungicide residues could contaminate environmental waters such as wells, lakes, estuaries, and even pollute vegetables and fruits. The maximum admissible concentration for each fungicide in drinking water has been established by the Council of the European Union to be 0.1 μg L -1 and the sum for all fungicides is no more than 0.5 μg L -1 . 1 Therefore, the determination of trace levels of fungicides in different matrix samples is needed. However, the analysis of trace levels of fungicides frequently requires sample preparation methods often involving extensive extraction and enrichment procedures.
In recent years, new sample preparation methods for the determination of fungicides have been developed one after another. Recently, a novel sample preparation method named magnetic solid-phase extraction (MSPE) has been developed. The method is based on the use of magnetic or magnetically modified adsorbents. 2 In the MSPE method, with the use of an external permanent magnet, the magnetic adsorbents with adsorbed target analytes can be easily separated from liquid samples. Compared with traditional solid-phase extraction (SPE), a distinct advantage of MSPE is the simple and quick separation process made possible by the application of an external magnetic field, and the elimination of the need for additional centrifugation or filtration procedures. MSPE method could also eliminate the time-consuming column passing operations encountered in common SPE. Another advantage of the MSPE method is that it requires a smaller amount of toxic organic solvents. For these reasons, MSPE could become a potentially useful sample preparation technology. Thus far, some MSPE applications in analytical chemistry have been reported. [3] [4] [5] [6] The development of novel magnetic sorbents is the most important core section for the widespread use of the MSPE method. To date, many nanoscale magnetic materials have been used in MSPE, such as magnetic C18 microspheres, 7, 8 cetyltrimethylammonium bromide (CTAB) magnetic nanoparticles, 9-11 magnetically modified sodium dodecyl sulfate microspheres, 12, 13 alumina-coated magnetite nanomaterials, 14-16 silica-coated magnetite microspheres [17] [18] [19] and carbon based nanoparticles. 2, [20] [21] [22] [23] [24] [25] Carbon materials are well known for their high adsorption capacity for some organic compounds, and many research groups have explored carbon materials as an outside coating material for magnetic nanoparticles, such as activated carbon, 21 carbon nanotubes (CNT), 22, 23 multiwall carbon nanotubes 24, 25 and graphene (G). 2,26 G, as a novel allotropic member of carbon, has attracted much attention in scientific and engineering communities. Since G was mechanically exfoliated by Novoselov et al. 27 in 2004, it has been widely explored in different fields, such as clean energy devices, electronics, catalysis, sensors, reinforced composites and biomedicines. [28] [29] [30] In recent years, G and modified G as highly efficient sorbent materials have also been used for the extraction and removal of some pollutants from aqueous solutions. [31] [32] [33] Due to its large specific surface area (2630 m 2 g -1 ), unique two dimensional one-atom-thick carbon nanostructure and large delocalized π-electron system, 34 G can form hydrophobic and π-stacking interactions with the target analytes. The extraction performance of the G-based materials was correlated to the hydrophobic properties and π-electron system of the target analytes. G could possibly adsorb benzenoid form compounds easily. 35, 36 Feng et al. synthesized G magnetic microspheres for the extraction of some sulfonamide antibiotics from environmental water samples. 20 Jiang et al. prepared magnetic G-Fe3O4 nanoparticles as an immobilized enzymatic reactor and an excellent microwave irradiation absorber. 37 Recently, our group synthesized a G-based magnetic nanocomposite (G-Fe3O4) and successfully applied it in MSPE for the preconcentration of some benzenoid form compounds, such as fuchsine, 38 triazine herbicides, 39 carbamate pesticides 2 and neonicotinoid insecticides 40 in environmental water samples followed by their determination with high-performance liquid chromatography (HPLC).
In this work, an MSPE method with G-Fe3O4 nanoparticles as the adsorbent for the enrichment of the imide fungicides procymidone, folpet, vinclozolin and ditalimfos from environmental water and grape juice samples was established prior to their sensitive determination by gas chromatography with electron-capture detector (GC-ECD). Different experimental variables that may affect the MSPE efficiency, such as the amount of G-Fe3O4, extraction time, ionic strength and pH of sample solution, desorption solvent and desorption time were optimized. To the best of our knowledge, this may be the first report about the determination of the fungicides by using MSPE with G-Fe3O4 as the adsorbent in combination with the determiantion with GC-ECD.
Experimental

Reagents and materials
The certified standards of the fungicides (procymidone, folpet, vinclozolin and ditalimfos, 100 μg mL -1 ) were purchased from Agricultural Environmental Protection Institution of Tianjin (Tianjin, China). Methanol, hexane, acetone, acetonitrile, sodium hydroxide (NaOH), hydrochloric acid (HCl) and all other reagents were bought from Beijing Chemical Reagents Co. (Beijing, China). The permanent magnet (60 × 40 × 6 mm, 5000BS) and graphite powder (50 meshes) were obtained from the Boaixin Chemical Reagents Co. (Baoding, China). The double-distilled water used throughout the work was prepared on an SZ-93 automatic double-distiller from Shanghai Yarong Biochemistry Instrumental Factory (Shanghai, China).
Reservoir water was taken from Xidayang reservoir in Tang County, Baoding (Hebei, China); tap water sample was acquired freshly from our laboratory (Hebei, China); grape juice was purchased from local supermarket (Hebei, China). All the solvents, water and grape juice samples were passed through a 0.45-μm pore size membrane filter to remove the particulate matters prior to use.
Apparatus
A FULI GC-9790II (Fuli, http://www.cnfuli.com.cn/) equipped with a split/splitless injector and a 63Ni electron capture detector (ECD) was employed for the analysis of the fungicides. A KB-5 fused silica capillary column (30 m × 0.32 mm × 0.25 μm) coated with 5% phenyl-95%-dimethylpoly-siloxane (Yingnuo, http://www.innosep.cn/) was used with ultra pure nitrogen (99.999%) as the carrier gas at a flow rate of 2.0 mL min -1 . The oven temperature program was performed as follows: initial temperature at 120 C (held for 1.0 min), heating at 30 C min -1 to 180 C, then heating at 10 C min -1 from 180 to 220 C, and finally programmed at 4 C min -1 to 270 C. A 1.0-μL volume was injected for GC analysis with injection being kept at splitless mode for 1 min and then changed to split mode. The injector and the detector temperatures were kept at 270 and 300 C, respectively.
Synthesis of G-Fe3O4
G was synthesized on the basis of the reported method. 41, 42 Firstly, natural graphite powders were oxidated to graphite oxide. Then, the exfoliation of the graphite oxide to graphene oxide (GO) was achieved and the GO was transformed into GO sheets. Finally, the GO nanosheets were reduced to graphene. The G-Fe3O4 nanoparticle was synthesized by the in situ chemical coprecipitation of Fe 2+ and Fe 3+ in an alkaline solution in the presence of G according to the method reported in our previous work. 38 
Preparation of the standard solution
The individual primary standard stock solutions for each fungicide were prepared in acetone at the concentration of 10.0 μg mL -1 in a 10-mL volumetric flask and stored at 4 C in the dark. The mixture standard solution (A) containing 0.5 μg mL -1 of vinclozolin and 2.5 μg mL -1 each of procymidone, folpet and ditalimfos, and the mixture standard solution (B) containing 0.1 μg mL -1 of vinclozolin and 0.5 μg mL -1 each of procymidone, folpet and ditalimfos were prepared by the dilution of an appropriate amount of the individual standard stock solutions with acetone.
Extraction procedures
The MSPE procedures mainly consist of the following steps: (a) the analytes were extracted from the aqueous samples using G-Fe3O4 nanoparticles as the adsorbent; (b) the G-Fe3O4 nanoparticles were separated from the samples with a permanent magnet; (c) the analytes were desorbed from the G-Fe3O4 with a solvent and (d) the analytes were determined by gas chromatography.
The details of the MSPE are as follows: Firstly, 40.0 mg of G-Fe3O4 was added into a 200 mL aqueous sample solution followed by adjusting its pH to 5. Then the mixture solution was shaken for 30 min on a slow-moving platform shaker to adsorb the analytes. Secondly, the G-Fe3O4 nanoparticles were separated from the aqueous phase with a permanent magnet under the flask and then transferred to a centrifuge tube. Thirdly, the isolated G-Fe3O4 nanoparticles were vortexed in 1.0 mL acetonitrile for 2 min for desorption. The acetonitrile was collected and transferred to another microcentrifuge tube. This step was repeated two times and the acetonitriles were combined together. The combined acetonitriles was evaporated to dryness under a gentle nitrogen stream. Then, the residues were dissolved in 100.0 μL acetone and 1.00 μL was injected into the GC system for analysis.
Prior to next use, the used G-Fe3O4 nanoparticles were first washed twice with 3 mL acetonitrile and then with 3 mL water by vortexing for 1 min, respectively.
Results and Discussion
To develop a sensitive MSPE method for the determination of the fungicides in water samples, all the important experimental parameters involved in the extraction procedures, such as the amount of G-Fe3O4, extraction time, the ionic strength and pH of the sample solution, desorption solution and desorption time were optimized.
Effect of the amount of G-Fe3O4
In order to achieve good extraction efficiency of the analytes, the addition of different amounts of the G-Fe3O4 in the range from 20.0 to 60.0 mg to a 200 mL sample solution containing 500 ng L -1 of vinclozolin and 2500 ng L -1 each of procymidone, folpet and ditalimfos was investigated for the extraction. The results shown in Fig. 1 revealed that the peak areas for the analytes increased rapidly when the amount of the G-Fe3O4 was increased from 20.0 to 40.0 mg and then remained almost constant. Therefore, the addition of 40.0 mg G-Fe3O4 to 200 mL sample solution was selected.
Effect of extraction time
Extraction time is another important parameter that influences the extraction of the analytes. Sufficient extraction time was required to obtain the adsorption equilibrium on the adsorbents for the analytes. Different extraction times (from 10 to 90 min) were studied through the extraction of the analytes from water solutions with vinclozolin being spiked at 500 ng L -1 and the other three fungicides at 2500 ng L -1 . As a result, the peak areas of the extracted analytes first increased as extraction time was extended from 10 to 30 min and then remained almost unchanged after that (data not shown). Based on these results, an extraction time of 30 min was chosen.
Effect of pH and ionic strength of sample solution
The effect of aqueous sample solution pH on extraction efficiency of the fungicides was evaluated in the pH range from 4 to 10. Figure 2 shows that extraction efficiency of the fungicides reached a maximum at about pH 5. On the basis of these results, the pH of the sample solution was adjusted to 5 for the MSPE extraction.
In general, the addition of sodium chloride into an aqueous solution should increase its ionic strength, which could decrease the solubility of the analytes in the aqueous sample solution and change the mechanism of mass transfer of the analytes depending on the structure and properties of the analytes and sample matrix. 43 In this study, the peak areas of the compounds were decreased slightly when the concentration of NaCl was increased from 0 to 20%. Therefore, no addition of NaCl to the sample solution was adopted.
Selection of the desorption condition
The desorption conditions are important for the complete desorption of the adsorbed analytes from the adsorbent. It mainly contained three important parameters, i.e., the type of the desorption solvent, its volume and desorption time.
Different organic solvents (acetone, acetonitrile and methanol) were tested as the desorption solvent. Figure 3 shows that the eluting power of acetonitrile was slightly stronger than acetone, but much stronger than methanol for the fungicides. Therefore, acetonitrile was chosen as the desorption solvent.
The influence of the acetonitrile volume on the peak areas of the four fungicides was also investigated and the result is shown in Fig. 4 . It can be seen from Fig. 4 that the fungicides could be quantitatively desorbed from the G-Fe3O4 nanoparticles when the adsorbent was desorbed with acetonitrile three times (each time with 1.0 mL).
In addition, the effect of desorption time was also studied in the range from 0.5 to 3 min under vortexing. The peak areas for the analytes were found to reach the maximum at 2 min and then remained almost invariant (data not given here). Hence, desorption time of 2 min was selected.
Regeneration
In order to eliminate the sample carry-over problem, prior to next use, the used G-Fe3O4 nanoparticles was first washed twice with 3 mL acetonitrile and then with 3 mL water by vortexing for 1 min, respectively. After such washing, no sample carry-over was detected and the nanoparticles were ready for the next use. The results showed that the G-Fe3O4 can be reused at least 30 times without a significant decrease in extraction capability.
Enrichment factors and method performance evaluation
Under the above optimum conditions, the enrichment factors (EFs) and quantitative parameters including linear range (LR), correlation coefficients (r), limits of detection (LODs) and the intra-and inter-day variation of this method were investigated, and the results are listed in Table 1 .
EF was defined as the ratio between the analyte concentration in the final reconstituted organic phase (Cor) and the initial analyte concentration in the aqueous sample (Caq). 44 
EF C C or aq
=
According to the experimental results, the EFs for the four fungicides were in the range between 1494 and 1849 (Table 1) .
For the establishment of the calibration curve, a series of mixture standard solutions at seven concentration levels containing 3.0, 10, 30, 150, 300, 600, 900 ng L -1 for vinclozolin and 15, 50, 150, 750, 1500, 3000, 4500 ng L -1 for each of the other three fungicides (procymidone, folpet and ditalimfos) were prepared by adding 6.0, 20.0, 60.0 and 300.0 μL of the mixture standard solution (B) and 120.0, 240.0 and 360.0 μL of the mixture standard solution (A) to 200.0 mL of water, respectively. Five replicate experiments were performed for each concentration level. As a result, the correlation coefficients (r) ranged from 0.991 to 0.999. LODs for the fungicides, based on a signal-to-noise ratio (S/N) of 3, were in the range from 1.0 to 7.0 ng L -1 , which were much lower than the sensitivity requirements established by the European Union (0.1 μg L -1 for one fungicide and 0.5 μg L -1 for total fungicides). The intra-day (n = 5) and inter-day (n = 5) variations expressed in terms of RSDs for the determination of the four fungicides with the sample being spiked at 500 ng L -1 for vinclozolin and at 2500 ng L -1 for the other three fungicides were beween 3.8 and 4.5%, and beween 4.7 and 5.8%, respectively. These results show that the MSPE method has high extraction capacity and the present analytical method provides high sensitivity.
Sample analysis
To evaluate the applicability of the MSPE method for the analysis of real samples, three different samples, i.e., tap water, reservoir water and grape juice, were investigated. No fungicides residues were detected in tap water or juice samples; only vinclozolin was found to be 10 ng L -1 in reservoir water. To study the recoveries of the method, the samples were spiked with the standards of vinclozolin at 150 and 600 ng L -1 and with the other three fungicides at 750 and 3000 ng L -1 , respectively. For each concentration level, five replicate experiments were performed and the analytical results are given in Table 2 . The recoveries of the method for the compounds were in the range from 79.2 to 102.4% with RSDs between 3.4 and 5.1%. Figure 5 shows the typical chromatograms of the standard solution and the extracted four fungicides from reservoir water samples before and after being spiked with the fungicides.
Comparison of the current MSPE method with other reported methods
The performance of the MSPE method was compared from Note: MS = mass spectrometry, LC = liquid chromatography, PDMS = polydimethylsiloxane, PA = polyacrylate, DVB = divinylbenzene, CW = carbowax. the viewpoint of extraction mode, LOD, LR, EF and extraction time with the other reported methods such as microporous membrane liquid-liquid extraction (MMLLE), 45 solid-phase microextraction (SPME), 46 hollow fiber liquid phase microextraction (HF-LPME), 47 cone-shaped membrane liquid phase microextraction (CSM-LPME) 48 and solid-phase extraction (SPE). 49 As listed in Table 3 , the MSPE has even lower LODs and higher EFs compared with other reported methods. In comparison with SPE, MSPE required only a small amount of the adsorbent and organic solvents, although the extraction time for the MSPE was a little longer than that with the HF-LPME 47 or CSM-LPME. 48 
Conclusion
In this paper, a G-based MSPE method was successfully employed to extract procymidone, folpet, vinclozolin and ditalimfos from environmental water and juice samples, followed by sensitive GC-ECD determination. The MSPE method was efficient for the preconcentration of the analytes and gave a high enrichment factor and low LODs for the compounds. Since G nanoparticles had a large adsorption capacity, only a small amount of the sorbent was required. In addition, unlike the conventional SPE method, this method does not need additional time-consuming column passing or filtration operations, making the current MSPE manipulations simple. The results revealed that the developed G-based MSPE method was suitable for the determination of the four fungicides at ng L -1 levels in environmental water and grape juice samples.
